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While the phase diagrams of the one- and multi-orbital Hubbard model have been well studied,
the physics of real Mott insulators is often much richer, material dependent, and poorly understood.
In the prototype Mott insulator V2O3, chemical pressure was initially believed to explain why the
paramagnetic-metal to antiferromagnetic-insulator transition temperature is lowered by Ti doping
while Cr doping strengthens correlations, eventually rendering the high-temperature phase param-
agnetic insulating. However, this scenario has been recently shown both experimentally and theo-
retically to be untenable. Based on full structural optimization, we demonstrate via the charge self-
consistent combination of density functional theory and dynamical mean-field theory that changes
in the V2O3 phase diagram are driven by defect-induced local symmetry breakings resulting from
dramatically different couplings of Cr and Ti dopants to the host system. This finding emphasizes
the high sensitivity of the Mott metal-insulator transition to the local environment and the impor-
tance of accurately accounting for the one-electron Hamiltonian, since correlations crucially respond
to it.
PACS numbers: 71.30.+h, 71.15.Mb, 71.10.Fd, 61.72.S-
Introduction.— After many decades of intense re-
search, the V2O3 phase diagram still stands out as a
challenge in condensed matter physics [1–6]. Its canon-
ical form (cf. Fig. 1) has been addressed many times
both experimentally and theoretically [7]. At stoichiom-
etry and at ambient temperature T , a paramagnetic-
metallic (PM) phase in a corundum crystal structure is
stable. Driving the temperature below TN ∼ 155 K re-
sults in an antiferromagnetic-insulating (AFI) phase with
a monoclinic crystal structure. Ti doping rapidly sup-
presses this low-T phase, whereas Cr doping stabilizes it,
and, additionally, transforms the high-T PM phase into
a paramagnetic-insulating (PI) one.
V3+has two 3d electrons, occupying the triply degen-
erate (for each spin) t2g = {epig , a1g} orbitals, split into a
lower epig doublet and an upper a1g singlet in the trigonal
crystal field (CF) of the corundum structure. In the low-
T monoclinic structure, the additional low-symmetry CF
component lifts the epig degeneracy. At first glance, the
experimental phase diagram shown in Fig. 1 seems consis-
tent with a positive (negative) chemical pressure exerted
by Ti (Cr) doping. It has therefore been routinely in-
terpreted in terms of the standard picture derived from
the Hubbard model: upon applying positive (negative)
pressure, the band width W increases (decreases), and
so does the ratio W/U , which controls the correlation
strength and thus the tendency to form a metal. This
picture has been accepted in many previous works and
appeared to be supported [4, 8–10] by a combination of
density functional theory (DFT) and dynamical mean-
field theory (DMFT) without charge self-consistency (i.e.
one-shot scheme), whereupon the correlation-enhanced
CF splitting leads to a strong orbital polarization towards
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FIG. 1. (Color online) V2O3 phase diagram (after [7]), with
’CO’ marking the crossover region
epig already at stoichiometry. However, by finding still siz-
able a1g filling at zero doping, this scenario has recently
been questioned by angle-resolved photoemission [11] and
charge self-consistent DFT+DMFT calculations [12–15].
The chemical-pressure effect is apparently too weak to
explain key V2O3 phenomenology. In addition, contrary
to many statements in the literature, Ti doping leads to
a volume increase [16], although less so than Cr.
Alternative causes for this metal-insulator transition
(MIT) were postulated [2, 17–23]. Early on, Rice
and Brinkman [17] blamed doping-induced disorder and
scattering for the metallicity breakdown. Indeed, ion-
irradiation experiments revealed the sensitivity of the
transition temperature to even a small concentration of
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2defects [24]. However, while such a scenario could ex-
plain why Cr doping leads to an insulating state, it fails
to explain the opposite effect of Ti doping.
In this work, we show that the key effects of Cr or Ti
doping cannot be reduced to a chemical pressure. In-
stead, in a first approximation, the Cr effect (reduced
metallicity) is mostly structural (reduced local symme-
try around Cr ion). The opposite effect of Ti is mostly
electronic, an effective electron (and not hole!) doping of
V2O3. This conclusion is based upon a first-principles
study employing state-of-the-art charge-self-consistent
DFT+DMFT calculations on relaxed supercells with Cr
or Ti doping. We emphasize that both a proper account
of the structural and charge self-consistency effects on
the realistic defect chemistry, as well as a precise inclu-
sion of correlation effects, are essential for describing the
physics of V2O3.
Structural aspects.— The starting point for the
DFT+DMFT calculations is the canonical two-formula
unit-cell at stoichiometry (below called the ‘stoichiomet-
ric’ case), reported in Ref. [25]. We first address the global
structural effects of doping (chemical pressure) by consid-
ering the minimal unit cell as reported by the experiment,
i.e., averaged over the impurity disorder, for 2.8% Cr [25]
and 3% Ti [16] doping (‘experimental-averaged’ Cr or Ti,
EA-Cr and EA-Ti, respectively). For both dopings, the
c-axis (a-axis) parameter is reduced (increased) and the
resulting volumes are larger than at stoichiometry. How-
ever, the so-called “umbrella”distortion, i.e., the dispar-
ity of the two sets of O-metal-O angles, changes only
marginally in EA-Ti (from 15.8◦ to 16.1◦), but increases
noticeably to 18.5◦ with Cr.
Next, we construct 80-atom 2×2×2 supercells with one
of the 32 V sites replaced by Cr or Ti, i.e., a 3.1% doping,
with the cell dimensions of the EA structures, and ap-
plied full symmetry-unrestricted atomic relaxation with
DFT+U. Upon structural relaxation, the V ions near Cr
shift toward the impurity, whereas the V-V distance of V
ions farther away from the dopant increases, both in line
with experiment [21, 22]. For Ti doping, on the other
hand, V ions are repelled from the impurity. Second, lo-
cal monoclinic distortions are favored in Cr-doped V2O3,
in agreement with experiment [18, 20, 22], but not in the
Ti-doped compound. Note that due to the limitations in
manageable supercell sizes, the local monoclinic distor-
tions are described by a complete symmetry change of the
defect cell. Nevertheless, starting from the experimental
corundum structure, fixing the lattice parameters, and
using a local-minimum relaxation algorithm ensures that
the resulting structure is a good approximation of the
true defect geometry. More details of the structural opti-
mization are provided in the Supplemental Material [26].
A charge self-consistent DFT+DMFT scheme [12, 27,
28] is applied to thus obtained structures. The V-t2g
triplet defines the correlated subspace, with a Hubbard
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FIG. 2. (Color online) DFT+DMFT spectral functions of
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(dashed lines) local spectral function at T = 193 K, compared
to orbital-resolved stoichiometric Aloc (background).
U = 5 eV and Hund’s-rule coupling JH = 0.7 eV [26].
Figure 2 shows the calculated spectral functions at T =
387 K and T = 193 K. Stoichiometric V2O3 (Fig. 2a
shaded region) displays a bare trigonal CF splitting of
162 meV. A moderate orbital polarization towards epig is
seen from the values of n ≡ {nepig , na1g} = {1.58, 0.42}.
It is a correlated metal with a renormalized quasiparticle
(QP) peak and Hubbard bands, in line with photoemis-
sion observations [6, 29]. Based on the spectral weight of
the lower Hubbbard band, the correlation strength ap-
pears to be somewhat larger at higher T . This is due
to the small orbital-dependent coherence-energy scale in
V2O3 [10, 26, 30]; when the temperature hits this scale,
the low-energy QPs start to lose coherence and spectral-
weight transfer to the Hubbard sidebands occurs.
Ti doping.— First, we investigate Ti doping with the
various unit-cells and supercells described above. For all
cases, Ti-doped V2O3 remains metallic (Fig. 2, right pan-
els). We immediately observe that the Ti-t2g states (the
dashed lines in Fig. 2b) are higher in energy than the
corresponding V levels. So, formally, Ti3+ loses its only
electron and dopes the V states; (V1−xTix)2O3 is thus
3electronically equivalent to V2O3 doped with x/(1 − x)
electrons. At low temperatures, as any doped Mott insu-
lator, the system rapidly metallizes (Fig. 2a right panels).
This is also clearly seen in the DFT+U calculations (cf.
Fig. 5). Ionically, the valence of the Ti impurity is hence
4+, indeed in agreement with experiment [31].
Cr doping.— This case is more complex and Fig. 2
shows our main results. Pure V2O3 set in the EA-Cr
structure does not exhibit a tendency to gap formation
(pink curves in Fig. 2a), contrary to earlier one-shot
DFT+DMFT calculations [10]. The orbital polarization
towards epig remains moderate (see the Supplemental Ma-
terial for a complete account of the respective orbital oc-
cupations [26]), unless unrealistically large lattice expan-
sion is assumed [12, 15]. However, a complete structural
relaxation with impurity-induced local monoclinic distor-
tions leads to a gap opening in the paramagnetic phase
as shown by the disappearance of spectral weight at low
energy (3.1% Cr, relaxed, black curves). The gap size of
∼ 100 meV (at T = 193 K) is in excellent agreement with
experiment [29, 32]. While even the simple replacement
of a single V ion by Cr already leads to a reduction of
low-energy spectral weight and strengthening of correla-
tions [13] (3.1% Cr, unrelaxed, green curves), structural
relaxation is required for opening the gap. From analyz-
ing the local spectral functions we find a complete MIT,
i.e. no sign of orbital-selective behavior [9, 15] as shown
in Fig. 2b, where the lattice-averaged V-epig and V-a1g
function for the 3.1% Cr, relaxed structure (solid line) is
plotted. Figure 3 shows that under external pressure the
PI phase recovers metallicity, in agreement with experi-
mental work by Rodolakis et al. [33]. Importantly, this
stabilized metallic phase is not identical to the original
stoichiometric one. Instead, it shows a sizable pseudo-
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FIG. 4. (Color online) DFT+DMFT data for the small-
unit-cells EA-Cr (left), stoichiometric (middle) and EA-Ti
(right) with symmetry-breaking charge-density modifications:
selected total spectral functions and orbital occupations (in-
set). The quantity δ marks the O-nuclei charge deviation on
site i, i.e. Zi(O˜) = Zi(O) + δi for distributed δi = (−1)i δ
with
∑
cell δi = 0 [26].
gap and a large part of the Cr-induced epig polarization is
preserved. For comparison, the experimental low-T mon-
oclinic structure at stoichiometry is easily Mott insulat-
ing already in paramagnetic DFT+DMFT (see Fig. 3,
orange line), with a sizable charge gap of about 0.4 eV.
Obviously, Cr behaves completely differently with re-
spect to the V matrix of V2O3 compared to Ti. This can
be traced to several effects. First, the one-electron Cr-
t2g level is below the entire V-t2g manifold (as shown
from DFT+U calculations in the Supplemental Mate-
rial [26]), and reflected in a broad impurity state centred
at −2.8 eV in Fig. 2b (which is reminiscent of a simi-
lar feature around −2 eV in photoemission [29]). For-
mally, the Cr3+ ion has three electrons, which consti-
tute a spin S = 3/2 state below the V-t2g states. The
formal occupancy of the V-epig states remains essentially
unaltered, so one has to look at more subtle, structural
effects. First, the stronger and more asymmetric trigo-
nal distortion (“umbrella distortion”, UD) of the EA-Cr
structure, compared to stoichiometric V2O3, creates a
stronger epig − a1g splitting. With the Cr impurity but
without any further structural changes, the orbital po-
larization towards epig is then already very strong with
n = {1.87, 0.10}. Yet only the additional monoclinic CF
triggered by the explicit local-symmetry breaking effects
of Cr doping finally drives the MIT. Note that this ad-
ditional CF splitting is only ∆epig ∼ 5−20 meV, depend-
ing on the V site, but it proves relevant to establishing
the PI phase. Multi-orbital Mott transitions driven by
subtle CF splitting have been studied in various model-
Hamiltonian schemes [34, 35].
However, importantly, the Cr-induced UD plays its
own, quite essential role, albeit indirectly. In order to ad-
dress the effect of the structure symmetry alone, we have
performed calculations using the high-symmetry EA-Cr,
stoichiometric and EA-Ti structures (which differ mostly
by the degree of the UD), and artificially lowered the
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FIG. 5. DFT+U band gap as a function of Ueff for the pure
stoichiometric system, the pure system at volumes equivalent
to the experimental 2.8% Cr and 3% Ti doped volumes, and
supercells with one atom of V substituted by Cr and Ti.
symmetry by randomly replacing the ligand oxygens with
pseudo-oxygen of nuclear (and electron) charge 8±δ (see
the Supplemental Material for more details [26]). The
result of this experiment is shown in Fig. 4. While EA-
Cr transforms into a Mott insulator at an already tiny
symmetry-lowering field, the other metallic structures re-
main comparatively robust to such a field. Thus, the
same high-symmetry corundum structure is much more
sensitive to symmetry lowering if it has a stronger UD
asymmetry, as is the case in EA-Cr.
This effect is the leading source of the insulating behav-
ior in Cr-doped samples, but is by far not the only effect
present. For instance, charge fluctuations and Kondo-like
screening of the additional Cr spin generate an empty QP
peak (dashed curve in Fig. 2b, left panel) just at the bot-
tom of the upper gap edge, which can, in principle, be
visible in inverse photoemission. Notably, this feature
should lead to a decrease of the charge gap at low tem-
peratures with Cr doping. And indeed, this originally
counterintuitive gap development is observed in photoe-
mission [29].
DFT+U calculations.— We have established above
that the charge self-consistent DFT+DMFT supercell
calculations, which include local correlation effects, are
capable of reproducing the experimental trends for both
kinds of doping (Cr and Ti) when distortions around im-
purities and charge alteration are accounted for. At this
point, it is instructive to ask which effects introduced by
doping are already captured by an effective one-electron
approach. To this end, we analyze here whether the static
mean-field DFT+U method shows the right trends of in-
creasing (reducing) the low-T gap when doping V2O3 by
Cr (Ti). We use DFT+U with Ueff = U − J = 1.5 eV
to relax (with respect to atomic position and cell shape,
but not volume) our minimal two-formula unit cells at
the experimental Cr and Ti doped volumes. Addition-
ally, our already relaxed 80-atom supercells with impu-
rities are further optimized with that protocol in order
to realize now the low-T scenario. For all these struc-
tures, the band gap as a function of Ueff is computed
(Fig. 5). When optimized at the volume of the experi-
mental Ti-doped material, the undoped system has essen-
tially the same gap as at the pure material volume, while
at the experimental Cr-doped volume the gap goes down
by about 0.07 eV. However, the same procedure applied
to the relaxed supercells of the doped systems leads to
a completely different behavior: for Ti doping the gap is
reduced to zero (within computational noise), while for
Cr doping the gap increases slightly over the original pure
material’s band gap. We should point out that, for the
purpose of uniformity, we have used the same optimiza-
tion procedure for all compound scenarios. While a much
larger Ueff is needed to open a gap in the high-T corun-
dum structure, in the optimized low-symmetry T = 0 AF
structure the gap opens already at U − J . 1 eV. These
results demonstrate that the opposite, and qualitatively
correct, trends of Cr vs. Ti doping are captured at the
effective one-electron level. However, correlation effects
as implemented in DMFT are essential to describe the
PM-PI transition at finite temperatures and distinguish
between the less correlated undoped behavior and the
more correlated Cr-doped case.
Conclusions.— Our charge self-consistent results prove
that the intriguing Cr- and Ti-doping phase diagram of
V2O3 is not driven by chemical pressure. In fact, con-
trary to the common misconception, the principal factors
controlling the phase diagram are qualitatively different
for the two impurities. On the Cr side, the main factor
is a local structural distortion affecting the crystal field,
while on the Ti side it is effective e-doping by virtue of Ti
acquiring a valence of 4+. Increasing the “umbrella” dis-
tortion in the average corundum structure by Cr doping
is not per se sufficient to trigger a paramagnetic insu-
lator, but it makes the system more sensitive to further
symmetry lowering on the local level. In the simplest ap-
proximation, Ti produces a charge doping and Cr does
not, while Cr produces a structural distortion conducive
to insulating behavior and Ti does not.
Our findings elucidate the major factors controlling the
phase diagram of vanadium sesquioxide, and should also
be relevant to interpret recent V2O3 thin-film studies [36,
37]. We furthermore observe that whereas these effects
are importantly enhanced by electron correlations, the
described trends appear already at the one-electron level
within the static mean-field DFT+U framework.
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6Supplemental Material
ELECTRONIC STRUCTURE METHODS
DFT+U.— We used the Vienna ab-initio software
package (VASP) [1] version 5.4.1 within the generalized-
gradient approximation given by the Perdew-Burke-
Enrzerhof (PBE) exchange-correlation functional [2], and
the regular VASP projector-augmented waves (PAW)
with 6 electrons in the valence for O, and the p-valence
PAWs for V, Cr, and Ti, with 11, 12, and 10 electrons in
the valence, respectively. All calculations used a plane-
wave energy cutoff of 400 eV, and a k-point mesh equiva-
lent to 4×4×4 for the 10-atom primitive two-formula unit
cell. A spherically-averaged Hubbard correction with
the fully-localized limit double-counting subtraction [3]
is used. The value U − J = 1.5 eV is utilized for the
structural relaxation. While smaller than this value of
U − J is needed to reproduce the band gap (see discus-
sion in the main text), we found it to yield a good equilib-
rium structure compared to experiment for the undoped
compound.
DFT+DMFT.— The charge self-consistent combina-
tion of density functional theory and dynamical mean-
field theory is used. For the DFT part, a mixed-basis
pseudopotential method [4,5], built on norm-conserving
pseudopotentials as well as a combined basis of local-
ized functions and plane waves is utilized. The PBE
functional is employed. Within the mixed basis, local-
ized functions for transition-metal 3d states as well as for
O(2s) and O(2p) are used in order to reduce the energy
cutoff Ecut for the plane waves. The correlated subspace
consists of the effective transition-metal t2g Wannier-
like functions wn(t2g), i.e. is locally threefold. The
w(t2g) functions are obtained from the projected-local-
orbital formalism [6,7], using as projection functions the
linear combinations of atomic t2g orbitals, diagonaliz-
ing the transition-metal wn(t2g)-orbital-density matrix.
The coupled single-site DMFT impurity problems in the
V2O3 crystal cells are solved by the continuous-time
quantum Monte Carlo scheme [8,9] as implemented in
the TRIQS package [10,11]. A double-counting correc-
tion of fully-localized type [3] is utilized. To obtain the
spectral information, analytical continuation from Mat-
subara space via the maximum-entropy method is per-
formed. About 50-100 DFT+DMFT iterations (of alter-
nating Kohn-Sham and DMFT impurity steps) are nec-
essary for full convergence of the supercell problems.
Former DFT+DMFT studies described the paramag-
netic Mott transition in Cr-doped V2O3 utilizing the
experimental-averaged (EA) case and mostly employing
two sets of local Coulomb parameters. Either U =
4.2 eV, JH = 0.7 eV were used [12] or U = 5.0 eV,
JH = 0.93 eV [13,14,15]. While we confirm the MIT
via the correlation-enhanced CF splitting in one-shot
DFT+DMFT for the former, both sets appear to result
in too weak correlation strength in the more elaborate
charge self-consistent framework. This is understand-
able, since charge self-consistency enables reduced cor-
relations due to charge redistribution also incorporating
ligand states. We hence choose U = 5.0 eV, JH = 0.7 eV
to promote the correlation strength to experimentally-
known measures. A 3 × 3 × 3 k-point mesh is employed
for the supercell calculations.
STRUCTURAL APPROACH
Basic cells.— For the conventional primitive unit cells
of V2O3 we started off from the various experimental
data (see Tab. I for a summary).
Supercells.— We have utilized supercells obtained by
doubling the corundum unit cells in each crystallographic
directions. Thus obtained supercells correspond to the
net formula V32O48. Substituting one V by Ti or Cr re-
sults in 3.125% doping, comparable with the experimen-
tally interesting ranges (see Fig. 6). For each case (Cr-
or Ti-doped) we used experimentally-determined cell lat-
tice parameters and volumes. In further structural relax-
ations within DFT+U for generating configurations for
DFT+DMFT, the atomic coordinates are optimized with
Ueff = 1.5 eV. Introducing a single dopant atom into
the 80-atom corundum supercell leads to 16 symmetry-
inequivalent DMFT impurity problems associated with
the transition-metal sites.
Describing local monoclinic distortions.— Global mon-
oclinic distortions occur in the insulating low-T regime of
V2O3 and are here representatively treated for the sto-
ichiometric case. There, experimentally a four-formula
unit-cell with I2/a space group is realized [17]. On the
other hand, true local monoclinic distortions, especially
at finite T , are hard to describe in a well-defined man-
structure a, b c V (A˚3) NN-V
stoich. corundum 4.952 14.003 99.107 2.697
(T = 290 K), Ref. [16]
stoich. monoclinic 7.255 5.548 99.969 2.745
(T = 148 K), Ref. [17] 5.000
2.8% Cr-doped corundum 4.999 13.912 100.341 2.746
(T = 290 K), Ref. [16]
3% Ti-doped corundum 4.963 14.000 99.558 2.706
(T = 290 K), Ref. [18]
TABLE I. Utilized experimental V2O3 crystal lattice data
(in A˚). The distance ’NN-V” corresponds to the nearest-
neighbor V (dimer) distance along the c-axis. The corre-
spondance with the main-text nomenclature is as follows:
’stoich. corundum’;’stoichiometric’, ’stoich. monoclinic’;’low-
T monoclinic’, ’Cr-doped corundum’;’EA-Cr’ and ’Ti-doped
corundum’;’EA-Ti’.
7FIG. 6. (Color online) 80-atom supercell to model para-
magnetic V2O3 with 3.1% dopants. Ti: blue, O: red,
dopant: green. The relaxed nearest-neighbor distances be-
tween dopant and V amounts to 2.715 A˚ for Cr doping and
to 2.789 A˚ for Ti doping.
ner within conventional first-principles approaches deal-
ing with feasible supercell sizes. However together with
the corresponding electronic-structure treatment, our re-
laxed supercells are already good structural approxi-
mants to V2O3 phases with possible local monoclinic
distortions, due to the three following reasons. First,
the corundum structure serves as starting point for the
structural relaxation. Standard relaxation of the atomic
positions will most likely converge to the nearest min-
imum in the complex total-energy landscape. From a
numerical viewpoint, there is no obvious reason to be-
lieve that such an unbiased relaxation will directly lead
to the true structral ground state at low temperature.
Instead, a local energy minimum will be realized, that is
energetically comparable to true local-relaxation modes
describable only in supercells of size ∼ 103 and more
atoms. Second, the supercell lattice parameters are fixed
to their experimental values (for ’EA-dopant’) at ele-
vated temperature. Hence, the very region where local-
monoclinic relaxation may occur is imprinted in the su-
percell structures. Third, in the supercell DFT+DMFT
calculations, the self-energy symmetry among the V sites
is tied to the unrelaxed dopant corundum structure.
In other words, further possible monoclinic symmetry
breaking is computationally not accompanied with an
increase of symmetry-inequivalent V self-energies. This
is to (partly) restore the global corundum symmetry at
high temperature. Formally inequivalent V self-energies,
resulting from monoclinic symmetry breaking, are thus
averaged in the supercell calculations.
To underline our reasoning, Fig. 7 displays the
DFT+DMFT result of applying the first and second
argument to stoichiometric V2O3. There, the low-T
structure is experimentally known and its spectral func-
tion can be compared to the ones of structural approxi-
mants obtained from relaxation of the known stoichio-
metric structure at higher T . The monoclinic low-T
structure is verified to be Mott-insulating even from
above the experimental TN up to the crossover temper-
ature. Clearly, structural changes are necessary to drive
a metal-insulator transition. Two structural approxi-
mants are constructed, starting from the stoichiometric
high-T corundum structure and fixing the lattice param-
eters. The first approximant (A1) results from an un-
biased straightforward optimization of the atomic posi-
tions as well as the cell shape. The second approximant
(A2) is obtained from optimizing atomic positions and
cellshape of a doubled corundum unit-cell and addition-
ally fixing inversion symmetry (which old also in the true
I2/a structure). Figure 7 shows that none of the approx-
imants reaches the gap size of the experimental struc-
ture. While A1 displays a much smaller gap at low T ,
A2 remains metallic even at T = 193 K. This proves that
structural relaxation from the corundum high-T struc-
ture does not lead to the true low-T monoclinic structure,
but to some effective structure that should be a reason-
able approximant to mimic local-monoclinic distortions
in the corundum phase. We note that the obtained mon-
oclinic CF values (i.e. energy splitting between the epig
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FIG. 7. (Color online) Correlated spectral functions of the
different monoclinic approximants A1 (top) and (A2) bottom,
see text, compared to the ones of experimental monoclinic
V2O3 at stoichiometry.
8states) for approxmiants A1 (∆epig = 11 meV) and A2
(∆epig = 6 meV) are much smaller than for the experi-
mental structure (∆epig = 29 meV).
DFT ELECTRONIC STRUCTURE OF
CHROMIUM-DOPED V2O3
Orbital-resolved density of states.— On the DFT level,
the orbital-resolved electronic structure of Cr-doped
vanadium sesquioxide is as follows. Roughly speaking,
the a1g orbital mainly points along the crystallographic
c-axis, where the corundum structure designates pairs
of V atoms (though not readily in a dimer-like configu-
ration as e.g. in VO2 [19]. Both e
pi
g orbitals are more
extended in the honeycomb ab-plane. The local density
of states (lDOS) of low-energy (epig , a1g) kind for the dif-
ferent structural cases is displayed in Fig. 8. At stoi-
chiometry with bandwidth of order 2.5 eV, the a1g lDOS
displays strong bimodal character, derived from bonding-
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FIG. 8. (Color online) DFT account of stoichiometric and Cr-
doped V2O3 via lattice-averaged V and Cr e
pi
g and a1g lDOS
(normalized to one site).
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FIG. 9. (Color online) Moment analysis for a1g and e
pi
g
character with respect to V sites distant to Cr impurity.
Solid(Dashed) lines: relaxed(unrelaxed) Cr-doped supercell.
Squares(Circles): stoichiometric(EA) V2O3. Since V sites in
the stoichiometric and EA cases are equivalent, respectively,
only a single moment is associated with each case.
antibonding-like V-V chemistry. The epig states are more
highly filled and have sizable weight close to the Fermi
level εF. Subsequent modifications due to lattice expan-
sion and Cr doping seem minor on this integrated DFT
level. The bandwidth shrinks to ∼ 2.3 eV in the EA case
and the epig peak structure at εF becomes less split with
Cr. The Cr-epig defect states have more weight in the oc-
cupied part due to the larger Cr valency and a closer look
reveals additional peaks at the lower a1g band edge.
Moment analysis.— In order to obtain a most-compact
insight on the defect influence from the DFT level, we
performed a site- and orbital-resolved analysis of the elec-
tronic structure moments µ(n). Here, the moments theo-
rem [20,21], making use of the lDOS Dim for transition-
metal site i and orbital m = (epig , a1g), takes on the form
µ
(n)
im =
∫
band
dε (ε− αm)nDim(ε) , (1)
whereby αm := 〈im|H(KS)|im〉 denotes the onsite matrix
element of the Kohn-Sham Hamiltonian. The nth mo-
ment is the sum of all electron paths with n hops on the
lattice starting and ending at site i. Therefore, inspec-
tion of the various moments µ
(n)
im enables a well-defined
account of the delicate electronic and structural defect-
mediated modifications. Figure 9 shows the low-energy
moments up to n = 4 with respect to the V sites in dis-
tance to the Cr impurity. The zeroth moment is unity,
while the first moment vanishes due to the cancellation
by αm. We thus plot the crystal-field levels µ
(1) + αm,
revealing the largely different values at the Cr site and
the slightly increased vanadium values further away upon
structural relaxation compared to the EA structure. Yet
the averaged CF splitting in the defect cases differs only
marginally from the EA case ∆e ∼ 140 eV, both being
somewhat smaller than at stoichiometry ∆s ∼ 160 eV.
Close to Cr, there is a sizable variation of the CF epig
levels, which then split into two branches with distance
to the impurity. Thus importantly, the impurity with
subsequent structural relaxation leads to a global lift-
ing of the V-epig degeneracy due to symmetry breaking.
There is partly also some epig splitting in the unrelaxed
case, but much smaller (not shown). The second mo-
ment µ
(2)
im is directly related to the bond energy stem-
ming from site i and orbital m. It becomes small close
to Cr on the fixed corundum lattice, but is reinforced
upon relaxations. Also here, the epig sector splits in val-
ues above and below the EA case further away from Cr.
The skewness is associated with the third moment and
the bimodal character with the fourth one. The latter
displays a sizable peak in the a1g channel for the V pair-
ing with Cr, signaling an enhanced bonding-antibonding
character. Concerning relevant length scales, the epig mo-
ments mark a ’defect-core’ around Cr, which includes 4 V
sites with distance below 3 A˚ behaving quite differently
from more distant V sites. But importantly, there is also
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FIG. 10. DFT+U density of states (with AF order) at Ueff =
1.5 eV. Shown are the pure stoichiometric system, the pure
system at volumes equivalent to the experimental 2.8% Cr
and 3% Ti doped volumes, and supercells with one atom of
V substituted by Cr and Ti.
FIG. 11. DFT+U energy-level diagram for supercells of sto-
ichiometric (left), relaxed Cr-doped (middle) and relaxed Ti-
doped (right) V2O3.
defect impact in a longer range, e.g. also seen beyond 20
sites for a further-distant V atom along the c-axis from
the impurity site.
Hopping parameters.— The hopping parameters
tmm
′
ij = 〈im|H(KS)loc |jm′〉 between transition-metal sites
ij and t2g-like projected-local orbitals mm
′ are a fur-
ther source of information. Along the c-axis, as ex-
pected, the a1g − a1g hopping is dominant between
nearest neighbors (NN). It amounts to t
a1g−a1g
NN =
{−440,−358,−330,−374}meV for stoichiometric, EA,
unrelaxed Cr-doped and relaxed Cr-doped. Here, in the
latter two cases the Cr-V pair marks NN. The values are
in line with the associated lattice deformations, since Cr
shifts towards V with relaxation (see main text). Hop-
pings involving epig are at most ∼ 60 meV along the c-axis,
but the epig − a1g hopping within the ab-plane takes on
values ∼ 200 meV. Note that an obvious hopping-driven
mechanism underlying the metal-insulator competition
with Cr doping cannot be extracted.
SUPPORTING DFT+U INFORMATION
After the structural relaxation, the density of states
may be calculated within DFT+U for the small unit cells
as well as for the 80-atom supercells. The results for
Ueff = 1.5 eV are displayed in Fig. 10.
A principle energy-level diagram (as discussed in the
main text) originates from those calculations for the dif-
ferent doping cases, and is pictured in Fig. 11.
SUPPORTING DFT+DMFT INFORMATION
Orbital occupations and k-resolved spectral function
In the main text, some orbital fillings were already
given. The summarized orbital t2g fillings for the dif-
ferent structural cases, and comparing results from DFT
and DFT+DMFT, are provided in Tab. II. In order to
further compare our treatment of the V2O3 compound
with experiment, the k-resolved spectral function A(k, ω)
for the stoichiometric corundum system [16] is computed
at T = 193 K and its low-energy quasiparticle part is
shown in the top part of Fig. 12. Strong renormalization
and significant loss of coherency is observed even close
to the Fermi level. The weak electron pocket around
Γ above ∼ −0.25 eV is in good agreement with recent
angle-resolved photoemission [22], albeit the experimen-
tal energy depth below the Fermi level is still larger with
∼ −0.4 eV.
For comparison, we also show the k-resolved spectral
function A(k, ω) for the EA-Cr/Ti structures in the bot-
DFT DFT+DMFT
epig a1g e
pi
g a1g
stoichiometric 1.44 0.56 1.58 0.42
EA-Cr 1.44 0.56 1.60 0.40
3.1% Cr unrel. 1.42(2.40) 0.55(0.82) 1.87(2.67) 0.10(1.28)
3.1% Cr rel. 1.45(2.40) 0.55(0.82) 1.94(2.27) 0.05(1.23)
EA-Ti 1.44 0.56 1.60 0.40
3.1% Ti unrel. 1.44(0.53) 0.55(0.28) 1.94(0.17) 0.09(0.11)
3.1% Ti rel. 1.43(0.45) 0.55(0.26) 1.70(0.09) 0.33(0.06)
TABLE II. Site-averaged V-t2g occupations in the different
structural cases, including EA volume and unrelaxed and
relaxed explicitly substituted supercells. The DFT+DMFT
data is given for T = 193 K. Values in parentheses are for the
dopant atom.
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FIG. 12. (Color online) k−resolved DFT+DMFT low-energy
spectral functions. Top: stoichiometric V2O3. Bottom: EA-
Cr structure (left) and EA-Ti structure (right). All data at
T = 193 K.
tom of Fig.12. Excpectedly, the low-energy width is even
stronger reduced for the Cr case, while for EA-Ti no ob-
vious qualitative difference to the stoichiometric case is
visible But moreover interestingly, the EA-Cr case dis-
plays flat-band-like behavior close to εF, which is in line
of our findings of the Cr-doped case begin close to a struc-
tural instability.
Temperature effect in stoichiometric V2O3
In addition to the metal-insulator transition (MIT)
with Cr doping, the V2O3 phase diagram displays MITs
with temperature. In the present context of this work,
we focus on the high-T part of the phase diagram and
do not deal with the transition to magnetic order at
lower T . Then at stoichiometry, there is a transition
to a crossover region at around T = 400 K beyond a
critical point, where the differences between (incoherent)
metal and insulator disappear. The question arises if
sole coherence-scale arguments for the involved V-t2g or-
bital account for this high-T behavior at stoichiometry.
Figure 13 shows that stoichiometric vanadium sesquiox-
ide in the ordered corundum phase remains metallic up
to temperatures well above the experimental transition
temperature to the crossover regime. However coherence-
scale effects are visible, namely T -induced spectral weight
transfer from low energy to the Hubbard sidebands, and
a reduction of the QP-peak height at the Fermi level εF.
Right at εF, the hump structure disappears when enter-
ing the experimental crossover region. Although for a de-
-4 -3 -2 -1 0 1 2 3 4
ω (eV)
0
5
10
A 
(1/
eV
)
T=193 K
T=387 K
T=520 K
T=773 K
-4 -3 -2 -1 0 1 2 3 4
ω (eV)
0
1
2
eg
pi
a1g
-0.1 0 0.1
FIG. 13. (Color online) Total (left) and local (right)
DFT+DMFT spectral function of stoichiometric V2O3 in
the corundum phase with temperature. The color-intensity
changes for the local spectral functions correspond to the dif-
ferent temperature scales given for the total functions.
tailed investigation of these effects a k-dependent study
is needed, it becomes obvious that a (orbital-selective) lo-
calization of electrons due to complete loss of coherence
via heating is not taking place in the perfectly-ordered
structure. Rather, it is much more likely that the now
T -induced creation of defects such as vacancies, anti-site
atoms or (dynamic) lattice distortions becomes again rel-
evant for the orbital-selective loss of coherence and the
eventual destruction of the metallic state.
FIG. 14. (Color online) Basic two-formula-unit cell of
the (quasi-)random V2O3 corundum structure with different
pseudo-oxygen ions: 8−δO (violet), 8+δO (lightpink).
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Charge-driven symmetry-breaking field
For the investigation of symmetry breaking in V2O3
within a standard-unit-cell approach via sole charge-
density effects, we start from the corundum crystal
structure [16]. The six oxygen basis atoms are differen-
tiated by random means in two groups: 8+δO and 8−δO
(cf. Fig. 14). Pseudopotentials with effective nuclear
charge Z = 8 ± δ are constructed for these two groups
of atoms. Performing DFT+DMFT computations on
this lattice corresponds to a multi-site virtual-crystal-
approximation (VCA) for symmetry-broken defect-V2O3
without positional changes. Since our perturbation
was completely random, and we are only interested in
qualitative effects, we did not see any need to try other
similar configurations.
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